Efficient conversion of lignin to fine chemicals and biofuel become more and more attractive in biorefinery. In this work, we used a series of silica-alumina catalysts (i.e., SiO 2 -Al 2 O 3 , HY, Hβ, and HZSM-5) to degrade lignin into arenes and phenols. The relationship between the catalyst structure and lignin depolymerization performance was investigated. The results showed that both acidity and pore size of the catalyst could influence the conversion of lignin. In the volatilizable product, phenols were identified as the main phenolic monomers via gas chromatography-mass spectrometer. SiO 2 -Al 2 O 3 was the most efficient catalyst, giving 90.96% degree of conversion, 12.91% yield of phenols, and 2.41% yield of arenes in ethanol at 280
I. INTRODUCTION
Lignin, which consists of phenylpropane units of hydroxyphenyl (H), guaiacyl (G), and syringyl (S), is one of the main components of lignocellulose and the most abundant natural renewable aromatic resource. The depolymerization product from lignin can be used for bulk fine chemicals or precursor of biofuel. However, most lignin in pulping and biorefinery industry is burned as generation of heat currently [1−3] . Hence, efficient catalytic depolymerization of lignin into aromatic monomers is very important and necessary in conversion of biomass.
Conventional techniques of catalytic depolymerization of lignin include catalytic hydrogenoylsis, base catalyzed depolymerization (BCD) process and catalytic fast pyrolysis etc. [4−6] . In catalytic hydrogenoylsis, many supported metal catalysts are involved. Yan and his co-workers degraded wood lignin selectively to C 9 or C 18 alkanes over noble metal [7] . The lignin could be degrade to monomers and dimer, and then monomers or dimers was converted to C 9 or C 18 alkanes. The selectivity of C 9 and C 18 alkanes could be 85.4% and 59.9% over Pd/C and H 3 PO 4 under optimized condition respectively. Li and his workers used Mo-based cata- * Author to whom correspondence should be addressed. E-mail: xuying@ms.giec.ac.cn, Tel.: +86-20-87048614, FAX: +86- lysts to degrade lignin to high-value chemicals efficiently [8−10] . For instance, using α-molybdenum carbide catalyst in pure ethanol at 280
• C, high-value chemicals of low molecular weight was obtained with a maximum overall yield of 25 most abundant liquid products (which consisted of C 6 -C 10 esters, alcohols, arenes, phenols, and benzyl alcohols) of 1.64 g per gram of lignin. In our previous work [11] , lignin could be depolymerized in the presence of Pd/C cooperated with metal chlorides catalysts and more than 35.4% yield of phenolic monomers could be obtained. Generally, high yield of product could be obtained using these noble metal catalysts, but in these processes, the involvement of noble metal makes it expensive.
The BCD process is much more economical. NaOH, KOH, and K 2 CO 3 were ordinary base catalysts for the lignin depolymerization [12] . Using different bases, various product yields and components could be obtained. However, most base catalysts for lignin depolymerization are homogeneous, such as NaOH and KOH, which is not recyclable on catalytic reaction.
Considering most linkages in the structure of lignin are the β-O4 and α-O4 linkages [13] , acidolysis can be an efficient process for depolymerization of lignin due to its strong ability to break C−O bond. In early work [14, 15] , both homogeneous and heterogeneous acid catalysts were used in mechanistic instigation of cleavage of β-O4 model compounds and depolymerization of lignin into aromatic monomers. In this work, amorphous silica-alumina and zeolites such as HY, Hβ, and HZSM-5, which were widely used in the cracking of fossil oil and biomass, were utilized as solid catalysts in depolymerization of lignin. The effect of structure of the catalysts were examined. The structure evolution was also investigated via the comparison analysis of the raw lignin and products. Methanol, tetrahydrofuran (THF), isopropanol (i-PrOH), and ethanol were also investigated in order to understand the effects of solvents.
II. EXPERIMENTS

A. Materials
SiO 2 -Al 2 O 3 was purchased from Sigma Aldrich. HY, Hβ, and HZSM-5 were supplied by the catalyst plant of Nankai University. Methanol, ethanol, i-PrOH, and THF were analytical grade and purchased from Guanghua chemical factory Co., Ltd. (Shantou). The pennisetum lignin was separated according to previous literature [16] , and it was soluble very well in ethanol. The dilute acid hydrolysis experiment showed that not any sugar was not detected. Elemental analysis demonstrated that it contained 63.8% C, 5.76% H, 29.09% O, 0.51% N, and 0.81% S.
B. Characterization of catalysts
All catalysts were calcined for 4 h at 550
• C. The properties of catalysts were charactered by NH 3 temperature programmed desorption (NH 3 -TPD). The profiles of NH 3 -TPD was obtained on a ChemBET pulsar TPR/TPD automated chemisorption analyzer. Each catalyst was first treated at 550
• C for 90 min in He flow of 70 mL/min, and then cooled to room temperature, exposed to 20%NH 3 /He for 60 min, and purgred in He for 60 min at 100
• C. Temperature ramped to 750 • C at 5
• C/min. The brunauer-emmett-teller surface area and pore size of catalysts were obtained on a micrometric ASAP-2010 automated system by N 2 isothermal (77 K) absorption.
C. Lignin depolymerization
In a typical depolymerization reaction, 0.5 g lignin, 40 mL ethanol, and 0.5 g catalyst were added into a 100 mL batch autoclave equipped with a mechanical agitation in sequence. After the air replacement of N 2 for three times, the reactor was sealed and heated to the desired temperature for a certain time. When the reaction was finished, the reactor was cooled to room temperature.
D. Products separation and analysis
After depolymeization, the product was first filtered, then the solid residues were washed by ethanol for three times. At last, mixing the eluent and filtrate, water was added in the mixture to recover the lignin.
The volatile products were identified using an Agilent 5890 gas chromatography (GC) with an Agilent 5975 inevt mass-selective detector according to the NIST MS library. The quantitative analysis of the volatile product was detected by SHIMADZU GC2014C with a flame ionization detector (FID) and acetophenone was used as internal standard chemical. The gas chromatography-mass spectrometer (GC-MS) and GC were equipped with the same column (HP-INNOWAX (30 m×0.25 mm×0.25 µm)), and shared the same oven temperature program (60
• C hold for 2 min, and then ramp to 260
• C with 10 • C/min, and hold for extra 10 min. The temperature of injector was 280
• C in split mode with split ratio of 5:1). The measurement of molecular weight distribution of product was conducted on Waters 2695 high performance liquid chromatography apparatus. THF was used as eluent with the flow rate of 1.0 mL/min. The injected volume was 50 µL, and the column was kept at 30
• C. Polystyrene was used as standard chemical. The Fourier transform infrared spectroscopy (FT-IR) spectrum was obtained on a Nicolet 50 FT-IR spectrometer using KBr pelleting method.
1 H nuclear magnetic resonance spectroscopy ( 1 H-NMR) was conducted on a Bruker AVANCE III 300 WB spectrometer (7.05 T). The thermogravimetric analysis (TGA) were obtained on TGA Q50 (ramped up from 30
• C to 850
• C at 10
• C/min in nitrogen) and scanning electron microscope (SEM) images were obtained on a Hitach S-4800 instrument.
E. Measurement of products
The degree of conversion was obtained by weight comparison of recovered lignin and the original lignin as shown in Eq.(1). The volatile products was determined and measured by GC-MS and GC, respectively. Acetophenone was used as internal standard chemical. The yield of arenes and phenols was calculated as follows:
where W F is the weight of feed lignin, W R is the weight of recovered lignin, W S is the weight of solid residue, W A is the weight of arenes, W P is the weight of phenols. SBET is BET surface, Vp is pore volume , dp is pore diameter.
FIG. 1
The pore size distribution of catalysts.
III. RESULTS AND DISCUSSION
A. Characterization of catalysts
The characterizations of catalysts were shown in Ta According to the analysis of BET surface and pore size distribution, it was known that the BET surface areas ranged from 383.8 m 2 /g to 574.1 m 2 /g. Among the catalysts, HY had the largest BET surface areas, and SiO 2 -Al 2 O 3 had largest pore size. With the pore volume and diameter being 0.6 cc/g and 4.3 nm, much larger than those of other catalysts.
According to the position of desorption peak in the profiles of NH 3 -TPD of the catalysts, the acidity strength of catalysts could be determined and higher desorption temperature of NH 3 indicated stronger acidity [17] . As shown in Fig.1 , the NH 3 -TPD profiles of SiO 2 -Al 2 O 3 , and HZSM-5 showed two obvious peaks assigned to medium acid sites and strong acid sites. The NH 3 -TPD profiles of HY and Hβ had only one peak in range of 150−450
• C. Comparing the first desorption peak of NH 3 -TPD profiles of different catalysts, HZSM-5 and Hβ had relatively stronger acidity, and HY had the weakest acidity.
The XRD patterns of catalysts were also conducted and shown in Fig.3 . Except SiO 2 -Al 2 O 3 , intense peaks were obviously observed. SiO 2 -Al 2 O 3 was amorphous, and others were crystalline. 
B. Analysis of gas products
After the depolymerization reaction of lignin, the gas product was collected and identified by GC-TCD-FID using external standard method. Results showed that the gas products contained H 2 , CH 4 , CO, and CO 2 , which might come from the decomposition of methoxyl, carbonyl and carboxyl groups in lignin structure. Yields of CH 4 , CO 2 , and CO are shown in Table II . It was known that the highest yields of CO 2 and CO were obtained over Hβ, and when SiO 2 -Al 2 O 3 used, less CO 2 and CO were obtained. Some hydrocarbons (C 2 −C 6 ) were also detected, which could be generated by conversion of ethanol catalyzed by these catalysts [18] .
C. Analysis of liquid products
Analysis of volatile liquid product
The liquid products from lignin depolymerization were identified by GC-MS. It showed that more than 50 kinds of chemical were detected, in which most products were aromatic hydrocarbons and phenolic monomers. Aromatic hydrocarbon observed such as ethylbenzene and 1,3-diethyl-5-methyl-benzene could be defined as deoxygenated and alkylated products derived from lignin, suggesting that serious alkylation occurred in this work (Table S1 ). Phenolic monomers from the depolymerization of lignin included phenols, guaiacols, and syringols. Syringols could be transformed into guaiacols and then to phenols [19] . Phenols were much steadier than the other two. In this catalytic process, the transformation could happen and phenols were the major components of phenolic monomers. Meanwhile, some naphthenic compounds were detected according to the result of GC-MS, which could be also identified in catalytic pyrolysis of lignin [20] . The reform reaction could happen. It suggested that in this catalytic process, silica-alumina could not only catalyze lignin degraded to phenolic monomer, but also promote deoxygenation, alkylation, and reform reaction. Some aromatic compounds with carbonyl groups such as 1-(2-hydroxy-5-methylphenyl)-ethanone, could be products by cleavage of β-O4 in lignin [21] . Table III shows the depolymerization of organosolv lignin over these typical silica-alumina catalysts we used. Without catalyst, the conversion degree of lignin could was 60.16% but the yield of solid residue reached the highest point with 45.84%, which indicated that without catalysts, thermal effect caused serious repolymerization. However, with catalysts being added, the repolymerization was suppressed. Lower yield of solid residue was obtained, but the conversion of lignin and the yields of arenes and phenols had a significant increase (Table III, entries 2 -5) . Considering the properties of the catalysts, acidity and pore size could impact depolymerization. HY had relatively weaker acidity, and 8.32% yield of phenols was obtained. Among the catalysts we chose, HZSM-5 and Hβ had higher acidity, but both of them showed lower activity in conversion of lignin to arenes and phenols, where only 4.60% and 4.69% yield of phenols were given respectively. It seemed that either weaker or stronger acidity could not favor converting lignin to arenes and phenols. On the contrary, SiO 2 -Al 2 O 3 with moderate acidity was more efficient than other catalysts and the highest yield of phenols (12.91%, Table III, entry 3) was obtained. Generally, with the acidity of catalysts increasing, the yield of solid residue decreased, indicating that stronger acidity could suppress the repolymerization into solid residue, and moderate acidity could promote the depolymerization of lignin into phenolic monomers. Also, with lignin being degraded, some unstable intermediates were formed, which could repolymerize to oligomer or be stabilized to phenols and arenes. It was supposed that the stabilization of intermediates occurred in the pore of catalysts in the presence of the catalysts [22] . Larger pore size of catalysts make reactive intermediates enter and stabilized more easily. So SiO 2 -Al 2 O 3 with the largest pore and moderate size was the most efficient catalyst.
Analysis of nonvolatile liquid product
The molecular weight distribution of the raw lignin and the nonvolatile products over various catalysts were also investigated using GPC analysis in Table IV .
As shown in Table IV , after depolymerization, all products had M n in range of 590−930, lower than that of raw lignin. Here, under catalysis of HZSM-5 and Hβ, the products had higher average molecular. Especially, when HY and SiO 2 -Al 2 O 3 used, the products having lowest M n were obtained. According to element analysis, a monomer molecular of organosolv lignin could be C 9 H 9.75 O 2.73 N 0.07 S 0.04 , and its molecular weight could be 163. It indicated that under catalysis of HY and SiO 2 -Al 2 O 3 , besides phenolic monomers, most of the products were trimers and tetramers. As discussed above, HZSM-5 and Hβ showed low activity in conversion of lignin because of their higher acidity.
To understand the structure change between raw lignin and the nonvolatile product, FT-IR and 1 HNMR characterization were conducted (Fig.4 and Table V) .
The FT-IR spectrum of raw lignin showed that a wide and intense peak at 3401 cm −1 , which was assigned to the stretching vibration of hydroxyl group in lignin. The peak at 2926 cm −1 was assigned to the structure of aliphatic C−H in lignin [16] . The shape and intense peak at 1710 cm −1 was the characteristic absorption of the carbonyl group in lignin structure. Three peaks at 1605, 1514, and 1457 cm −1 were assigned to aromatic skeleton vibration which was the fundamental structure of lignin. Peaks at 846 and 1116 cm −1 indicated the guaiacyl structure in lignin molecule [19] . The FT-IR spectra of products from lignin depolymeization over silica-alumina catalysts showed obvious difference from the raw lignin. Except HZSM-5, the significant increase of the peak strength at 2965 and 2846 cm −1 , which were assigned to the structure of -CH 3 and -CH 2 -respectively, suggesting the alkyl group generation after catalytic reaction. It accorded well with the above GC-MS results that alkylated compounds such as propofol were detected in the liquid product. The peak at 1710 cm −1 which could be clearly observed in the spectrum of raw lignin decreased obviously. When Hβ was used, the peak assigned to carbonyl could not be detected in the spectrum of product and the highest yields of CO and CO 2 were obtained. It indicated that the serious decarboxylation happened and most carbonyl group in raw lignin was converted to CO 2 or CO.
According to previous work, the 1 both raw lignin and product could be divided to some sections of 0.3−2.3, 2.6−5.0, and 6.0−8.5 ppm [19, 23] . Peaks at the range of 0.3−2.3 ppm were assigned to aliphatic protons. The chemical shift ranged at 2.6−5.0 and 6.0−8.5 ppm were assigned to oxygenated side chain and aromatic proton, respectively. According to integration distributions of protons, we could know the transformation of protons in this process. As for raw lignin, the integration distributions of aliphatic protons, aromatic protons and protons on carbon that bear an oxygen were 33%, 54%, and 13%, respectively. After catalytic process, the integration of aliphatic protons increased which suggested that deoxygenation and alkylation occurred. Many oxygenated chains were destructed, which resulted in the deoxygenated product as detected by GC-MS. Methoxyl group was primary function group in lignin, observed in structure of guaiacyl and syringyl groups, so it could be obviously detected, but this peak was weakened or disappeared in the 1 HNMR spectra of products in Fig.S1 −S5 (supplementary materials). Furthermore, main product was phenol, and guaiacol and syringol could hardly be detected according to the GC-MS results. It indicated that methoxyl groups were removed from aromatic ring in this catalytic process.
D. Analysis of solid residue
In this reaction, depolymerization and repolymerization were a pair of competitive processes. When the repolymerization reaction occurred, the soluble initial lignin was converted to be insoluble in the solvent ethanol, and combined with the catalysts. The SEM images of raw lignin and the residues showed that the lignin residue was hardened lamellars after depolymerization, whereas raw lignin was loose spheres (Fig.5) . The SEM images also showed that the solid residue over SiO 2 -Al 2 O 3 was porous, and the solid residues over other catalysts were denser than it. The depolymerization of lignin occurred at the surface of catalyst. When the solid residue covering catalyst was porous, the lignin dissolved in ethanol could still cross it and arrived at the active sites of catalyst. However when it was dense, the lignin could hardly arrive at the active sites and the depolymerization was suppressed. Hence, SiO 2 -Al 2 O 3 was the most active in this catalytic process. Furthermore, in catalytic process tar/char deposited at the catalytic sites of catalysts, causing catalysts deactivation. It was also considered to be a main reason for that SiO 2 -Al 2 O 3 was more efficient than other catalysts at last.
The thermochemical proprieties of raw lignin and solid residue were further investigated. A weight loss stage 100−850
• C could be observed in the TGA curve of raw lignin (Fig.6(a) ). At 100
• C the weight loss could be attributed to the trace moisture and as temperature increasing, the lignin decomposed. When temperature was higher than 350
• C, the rate of weight loss was substantially increased. At the end of TGA curve, 59.02% of weight loss was shown. The TGA curves of solid residue after depolymerizatin over various catalysts were significantly different from the raw lignin. Compared with raw lignin, less weight loss was shown due to the depolymerization of the loosen fraction of the lignin and were much more resistant to thermal decomposition. Furthermore, the TGA curves of the residues from various catalytic processes were also different form each other.
E. Effect of solvents over SiO2-Al2O3
The effect of methanol, THF, i-PrOH, and ethanol were investigated for the depolymerization of lignin. Figure 7 shows the distribution of product. THF could be used as an efficient solvent or co-solvent for efficient conversion of lignin and lignocelluloses [24, 25] . However as cyclic ethers, THF could not generate active hydrogen under reaction conditions. In the presence of SiO 2 -Al 2 O 3 , THF could also polymerize to polytetrahydrofuran [26] , which might suppress depolymerization of lignin. Hence, when THF was used as solvent, only 0.7% and 4.45% yields of arenes and phenols were achieved, respectively. THF could not promote efficient conversion of lignin, but resulting in serious repolymerization in this catalytic process. As short aliphatic alcohols, methanol, ethanol, and i-PrOH could generate active hydrogen or produce hydrogen under reaction conditions [27, 28] . These aliphatic alcohols were not only solvents but also involved in depolymerization. The solvolysis happened. Alcohol molecules could promote to cleavage of either bond in lignin structure and reacted with products from lignin. An appropriate alcohol makes depolymerization more efficient. Although i-PrOH could generate hydrogen, comparing with methanol and ethanol, i-PrOH has larger steric size. Hence, the yields of arenes and phenols in i-PrOH were much lower than those in methanol and ethanol. Meanwhile, it was reported that ethanol could be involved in alkylation reaction suppressing repolymerization [29] . In conclusion, higher yields of arene and phenols were obtained in methanol and ethanol.
IV. CONCLUSION
Orgnosolv lignin was efficiently converted to phenolic monomer over various silica-alumina catalysts. Among the catalysts, SiO 2 -Al 2 O 3 with moderate acid strength was found to be the most efficient. Phenols were the major components of phenolic monomers. When SiO 2 -Al 2 O 3 was used, 2.41% yield of arenes and 12.91% yield of phenols were obtained in an ethanol at 280
• C for 4 h. Catalyst characterization results showed that both acidity and pore size were the significant properties for lignin efficient conversion. Further investigation of the structure and physical-chemical properties of the original lignin and depolymerization products demonstrated that deoxygenation and alkylation occurred in the lignin depolymerization. The solvents impacted the depolymerization significantly. Ethanol and methanol were the most two efficient solvents for its relatively small steric size and excellent ability to supply active hydrogen.
Supplementary materials: Scheme S1 shows the proposal path of acid catalyzed depolymerization of lignin. Table S1 shows aromatic monomers of products over SiO 2 -Al 2 O 3 detected by GCMS analysis. Figure  S1 , S2, S3, S4, and S5 show 1 HNMR spectra of raw lignin, products over HY, products over HY, products over SiO 2 -Al 2 O 3 , products over Hβ, and spectrum of products over HZSM-5, respectively.
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